T his article is divided into two sections. The first outlines the molecular events that underlie the onset of phototransduction, the photoreceptor's response to light, and provides a quantitative model of its kinetics and amplification. Light responses measured both with single-cell techniques and with the electroretinogram (ERG) are compared with the predictions of the model, and an account is given of the differences in gain between amphibian and mammalian rods. The second section turns to recovery of the overall visual system after exposure of the eye to very intense "bleaching" exposures, and describes the cellular and molecular mechanisms involved in the regeneration of rhodopsin. A model is presented for the delivery of 11-cis retinal to opsin in the bleached rods, which accounts for the kinetics of psychophysical dark adaptation and rhodopsin regeneration, both in normal subjects and in a range of disease states.
The slide presentation of the 2006 Proctor Lecture is available online as a PowerPoint file at http://www.iovs.org/cgi/ content/full/47/12/5138/DC1.
PHOTOTRANSDUCTION
The transduction of light into a neural signal takes place in the outer segment of a retinal rod or cone photoreceptor (Fig. 1) . Here, we concentrate on the rods, which in the human retina outnumber cones by approximately 20:1 overall. The outer segment of the rod contains an enormous area of lipid bilayer membrane, arranged as flattened "discs," and this membrane is densely packed with the photopigment rhodopsin.
Rhodopsin is a member of the superfamily of seven-helix, G-protein-coupled receptor proteins (GPCRs). In contrast to chemosensing GPCRs, rhodopsin has its ligand, the light-absorbing "chromophore" retinaldehyde, prebound. The bound form, 11-cis retinal, acts as a powerful antagonist, holding rhodopsin in its completely inactive state. Absorption of a photon of light isomerizes the chromophore to a second form, the all-trans configuration, which acts as a powerful agonist that rapidly triggers a conformational change in the protein, activating rhodopsin as an enzyme. In this first section, we will consider the mechanisms, the kinetics, and the gain of the rod's biochemical and electrical response to light absorption.
The conformational change triggered by light causes rhodopsin's absorption spectrum to shift into the UV, so that the pigment loses its visible color and is said to "bleach." Long after signaling is complete, the Schiff-base bond that attaches the all-trans retinal is hydrolyzed, permitting the retinoid to dissociate from the apo-protein, opsin. In the second section, we will analyze the regeneration of opsin to rhodopsin via a source of 11-cis retinal in the retinal pigment epithelium (RPE), and we will consider the consequences that the relatively slow kinetics of regeneration have for dark adaptation of the overall visual system. In this connection, we will discuss the biochemical reactions required to replenish the source of 11-cis retinoid from the released all-trans retinoid.
The G-protein Cascade of Phototransduction
G-protein cascades provide amplified signaling in a wide variety of cellular systems, in the great majority of cases as chemosensors-for example, in hormonal and synaptic signaling, as well as in olfactory reception. The molecular mechanism has been particularly well studied in photoreceptors, and the Gprotein cascade of phototransduction ( Fig. 2) can serve as a model for other systems, particularly for their quantitative properties (for reviews of the phototransduction cascade, see Refs. [1] [2] [3] [4] [5] .
In addition to rhodopsin (R), which is packed into the disc membrane at a density of approximately 25,000 molecules m Ϫ2 , three other species of protein play essential roles in activation of the response to light: (1) the heterotrimeric Gprotein (G), termed transducin in rods, present at approximately 1:10 relative to rhodopsin; (2) the cyclic nucleotide phosphodiesterase (PDE), which hydrolyzes cyclic GMP, the diffusible cytoplasmic messenger, present at approximately 1:100 relative to rhodopsin; and (3) the cyclic nucleotide-gated channels (CNGCs) of the plasma membrane, which control the flow of electrical current into the outer segment.
Activation of the cascade can be broken down into the five steps indicated in Figure 2 . The first three steps involve proteins associated with the disc membrane (rhodopsin, which is integral, and the G-protein and PDE, which are attached by acyl groups), whereas the final two steps involve the cytoplasmic messenger, cyclic GMP, and its action at the plasma membrane.
Step 1: Activation of Rhodopsin. First, a photon of light is absorbed by any one of the ϳ10 8 rhodopsin molecules in the outer segment, isomerizing the chromophore to its all-trans configuration and thereby activating that rhodopsin molecule to a form denoted as R*.
Step 2: Activation of the G-protein.
All the proteins are mobile in (or at the surface of) the disc membrane, so that they diffuse laterally; consequently, the activated R* and inactive G FIGURE 2. The G-protein cascade of phototransduction. After absorption of a photon (h), the activated rhodopsin (R*) repeatedly contacts molecules of the heterotrimeric G protein (G), catalyzing the exchange of GDP for GTP, producing the active form G␣-GTP (i.e., G*). Two G*s bind to the inhibitory ␥ subunits of the phosphodiesterase (PDE), thereby activating one or both (illustrated) of the corresponding ␣ and ␤ catalytic subunits, which then catalyze the hydrolysis of cyclic GMP (cG). The consequent reduction in cytoplasmic concentration of cGMP leads to closure of the cyclic nucleotide gated channels and blockage of the inward flux of Na ϩ and Ca 2ϩ , thereby reducing the circulating electrical current. The Na ϩ /Ca 2ϩ ,K ϩ exchanger is not directly involved in activation; however, during the light response, it continues to pump Ca 2ϩ out, so that the cytoplasmic Ca 2ϩ concentration declines, aiding in recovery of the response by stimulating guanylyl cyclase (GC) activity, and other "calciumfeedback" mechanisms (reviewed in Refs. 3,8) .
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The Proctor Lecture 5139 come into contact, and bind transiently. In this R*-G state, a molecule of GDP that had been bound to the G-protein ␣-subunit (G ␣ ) is released, allowing a molecule of GTP from the cytoplasm to bind in its place. This process, called nucleotide exchange, activates the G-protein (to G-GTP), which then dissociates from R*. Crucially, the activated rhodopsin (R*) has not been altered in any way by this interaction, and so it can contact another molecule of G-protein by diffusion and trigger nucleotide exchange again. This process can repeat indefinitely while R* remains active, so that R* can be regarded as an enzyme that catalytically activates numerous molecules of Gprotein.
Step 3: Activation of the PDE. When each activated Gprotein separates from R*, after nucleotide exchange, the message is carried forward by the ␣-subunit, now in the form G ␣ -GTP, denoted here as G*. As a result of lateral diffusion, the G* comes into contact with the PDE and binds to one of its two regulatory ␥-subunits, thereby partly activating the PDE to a form that we denote E*. Subsequently, a second G* can bind to the second ␥-subunit, to fully activate the PDE. Unlike step 2, this activation has no amplification: A single G* can activate at most a single PDE catalytic subunit.
Step 4: Hydrolysis of Cyclic GMP. In the dark resting state, there is a steady balance between the synthesis of cyclic GMP by guanylyl cyclase (GC) and the slow hydrolysis of cyclic GMP by residual PDE activity, and hence there exists a steady, moderate cytoplasmic concentration (a few micromolar) of cyclic GMP. In response to illumination, the disc proteins are activated (steps 1-3), and the resultant activation of E* increases the rate of hydrolysis of cyclic GMP, so that the cyclic GMP concentration drops.
Step 5: Closure of Ion Channels. At its resting concentration in the dark, cyclic GMP binds to, and holds open, a proportion of the ion channels in the cell's plasma membrane. Although this proportion is quite small (typically just a few percent), the number of open channels is sufficient to conduct the substantial cation current (tens of pA) that flows into the outer segment in darkness. When the concentration of cyclic GMP drops in the light, cyclic GMP unbinds from the channels, causing the channels to close, and thereby generating the cell's electrical response-a reduction in the circulating current and a consequent hyperpolarization.
Predicted Kinetics and Amplification
Our goal was to predict the kinetics and amplification of this system, and a summary of our predictions 1 is illustrated in Figure 3 . To simplify the analysis, we ignored inactivation reactions, 1,2 with the consequence that our subsequent comparison of theory with experiment needs to be restricted to relatively early times, before shut-off reactions come into play. R* Kinetics. In response to a single photon captured at time 0, a single R* will be activated, after a very short (millisecond) delay due to internal rearrangements in the protein.
And because inactivation is being ignored, the R* will remain present, so that R*(t) will follow a step function of time (Fig.  3A) . G* Kinetics. While the single R* is present, G*s will be activated at a constant rate, and so the concentration G*(t) will ramp with time (Fig. 3B) . The rate of activation has been estimated as around 125 G* s Ϫ1 per R* for amphibian rods at room temperature 9 ; in mammalian rods at body temperature, the rate is likely to be approximately three times higherapproximately 400 G* s Ϫ1 per R*. E* Kinetics. For activation of the PDE, the theoretical analysis is more complicated, because multiple molecules of G* are diffusing in a sea of PDEs. Nevertheless, it is possible to show 1 that, to a reasonable approximation, the E* concentration should also ramp with time ( Fig. 3B ), though with a slightly lower slope than for G*, because the coupling efficiency may be less than 100%. We denote the slope of the E*(t) curve in Figure 3B as RE , signifying the rate at which a single R* triggers activation of E* subunits. Cyclic GMP Kinetics. The hydrolytic activity of the phosphodiesterase can be expressed as the product of the number E*(t) of PDE subunits and the catalytic efficacy per subunit, denoted ␤ sub . The ramping of E*(t) therefore causes hydrolysis of cyclic GMP to occur at an ever accelerating rate, with the consequence that the cyclic GMP concentration cG(t) begins declining parabolically with time (i.e., with an initial shape The quantities G*(t) and E*(t) of activated G-protein and PDE increase linearly with time after R* activation; in both cases the slope is estimated to be around 100 to 150 s Ϫ1 per R* at room temperature. (C) Activation of E* causes the cyclic GMP concentration to decline. Consequently, cyclic nucleotide-gated channels close, and the fractional circulating current F(t) declines according to equation 1. Responses in (C) are shown for a flash delivering ⌽ ϭ 200 photoisomerizations, with amplification constant A ϭ 0.10 s
Ϫ2
. Dashed vertical line indicates when cG ϭ 1 ⁄ 2; at this time (and with n cG ϭ 3), the fraction of channels open is F ϭ 1 ⁄ 8.
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Closure of Ion Channels. When present in the cytoplasm, cyclic GMP binds to and opens plasma membrane ion channels, and it does so with cooperativity described by the Hill equation. At the low concentrations experienced under normal conditions, the fraction of channels open approximates a power-law relation, with exponent n Ϸ 2-3. In the case of n ϭ 3, the fraction of open channels, F(t), would vary as the cube of the concentration of cyclic GMP (i.e., F(t) ϰ cG(t) 3 ) . Hence, at a time when cG(t) had dropped to 1 ⁄ 2 (dashed vertical line in Fig. 3C Detailed Analysis. When we undertook a detailed analysis of the rate equations for the cascade, 1,2 we were able to derive a simple equation for predicting the fractional circulating current F(t) in response to a brief flash of light. We showed that, to a good approximation, the response should be described by a "delayed Gaussian" function of time
where ⌽ is the number of photoisomerizations (the flash intensity), A is a fixed parameter termed the "amplification constant" of transduction, and t eff is an "effective delay time" that lumps together a number of short delays in transduction. Two important points should be made about equation 1. First, it provides what is essentially a single-parameter description of the onset phase of the light response. Thus, apart from the short delay term, t eff , there is only one parameter, A, involved in describing the onset of the electrical response to any arbitrary flash intensity ⌽. Second, we were able to show that the overall amplification constant A of the electrical response can be expressed as the product of individual "gain factors" contributed by the underlying biochemical stages, as
Here, RE is the rate of E* activation in response to a single photoisomerization; ␤ sub is the rate constant of cGMP hydrolysis by a single E* subunit, averaged throughout the outer segment volume; and n cG is the Hill coefficient of channel opening cooperativity by cyclic GMP. Furthermore, the PDE's hydrolytic efficacy, ␤ sub , could be expressed as
where k cat and K m are the catalytic activity and K m of the fully-activated PDE, N Av is Avogadro's number, V cyto is the cytoplasmic volume of the outer segment, and B cG is the cytoplasmic buffering power for cGMP. (The factor 1 ⁄ 2 converts a k cat value for the holoenzyme into a ␤ sub value for an E* subunit.)
The two subsidiary equations 2 and 3 reveal the remarkable fact that all the physical and biochemical parameters governing the activation of the cascade illustrated in Figure 2 collapse into a single parameter: the amplification constant A of the cell's electrical response to light. Accordingly, this analysis provides a simple theoretical expression for predicting the flash response kinetics (in the absence of inactivation reactions), together with an account of the photoreceptor's overall amplification in terms of the gains of the underlying reactions.
Finally, we note that at early times the expression in { } in equation 1 is small, and so the normalized response, R(t) ϭ 1 Ϫ F(t), is predicted to approximate a parabolic rise, according to
Comparison with Experiment
The predictions of our model for the onset phase of the light response are compared with experiment in Figure 4 . Figures  4A and 4B show single-cell recordings made with the suction pipette technique illustrated in Figure 5 , whereas Figures 4C  and 4D show ERG a-wave recordings. In all cases the stimuli were light flashes centered at time 0, with measured intensities spanning a range of at least 100-fold. In each panel, the theory traces (red) provide a good description of the activation phase of the entire family of measured responses (black), across the whole range of flash intensities. Figure 4A illustrates suction pipette responses from a salamander rod. 11 The red traces plot the predictions of equation 1, using the measured light intensities ⌽ (spanning a 200-fold range), together with A ϭ 0.065 s Ϫ2 and t eff ϭ 20 ms, and they provide a good description of the measured responses. In this panel, the theory traces remain close to the recorded traces for longer than would normally be expected, because the activation of GC by lowered intracellular calcium (and possibly other "calcium feedback" mechanisms), which normally serve to speed the recovery of the circulating current, have been slowed. For this experiment, the calcium buffer BAPTA had been incorporated into the rod's cytoplasm (using a whole-cell patch pipette, as illustrated in the micrograph in Fig. 5 ), with the consequence that the slowing of the lightinduced changes in Ca 2ϩ concentration retarded the onset of such recovery reactions. Figure 4B illustrates suction pipette responses from a human rod. 12 Such recordings are extremely difficult, in part because of the very small diameter of mammalian rods, but also because of the issues involved in working with living human tissues postmortem and the need to regenerate (using 11-cis retinal) rhodopsin that was bleached under operating theater lights. Again the red traces, which plot the predictions of equation 1 for intensities spanning a 100-fold range, provide a good description of the measured responses, at least out to 60 ms after the flash. For this human rod, the parameters used were A ϭ 4 s Ϫ2 and t eff ϭ 2.2 ms. It has long been known that the ERG a-wave response recorded from a dark-adapted eye arises primarily from the electrical activity of rod photoreceptors 16 and indeed that the a-wave monitors the rod's circulating electrical current. 17 As shown by the red traces in Figures 4A and 4C , the predictions of the model account accurately for the onset phase of the a-wave, over a wide range of intensities (Ͼ1800-fold in each panel).
A notable feature of a-wave responses to bright flashes is the occurrence of an initial peak after some 5 to 10 ms, followed by a rapid sag reminiscent of intracellular voltage responses of rods. In the past, it has usually been presumed that this sag represents an early manifestation of postreceptoral b-wave signals. However, recent evidence suggests instead that this "a-wave recovery" phase arises from intrinsic photoreceptor activity, probably due to an I h current in the rod's inner segment. 18, 19 In any case, the red traces predicted by the simplified theory are expected to be applicable only until the intervention of any shut-off or recovery events.
Also of note in the two ERG panels ( 
Horizontal red line: a specific example of the faster rise of the parabola with the higher amplification constant; thus, a level of 4% is crossed at 133 and 1069 ms, respectively, where 1069/133 ϭ ͌(4.5/0.07) ϭ ϳ8-fold. Mouse rods were recorded at 34 to 37°C, and low-pass Bessel filtered at 20 Hz; toad rod was recorded at ϳ22°C and digitally low-pass filtered at 2.5 Hz. Insets: micrographs of a mouse rod 25 and a salamander rod, 26 at similar scales, to emphasize the difference in volume between mammalian and amphibian rod outer segments. For outer segments identical in all respects except diameter, the speed of the early parabolic rise of the single-photon response would be inversely proportional to outer segment diameter, because of the volume factor in the denominator of equation 3. Micrograph of mouse rod reproduced from Baylor DA, Burns ME. Control of rhodopsin activity in vision. Eye. ined. Such a short time scale is necessitated by the intrusion of nontransduction signals within approximately 30 ms of the flash. As a result, one must study flash intensities much higher than those typically used for single-cell recordings. In Figures  4C and 4D , the brightest flashes used were Ͼ200,000 photoisomerizations per flash. For such fast responses, it becomes necessary to take into account the capacitance of the cell membrane. Hence, for the red traces in the ERG panels, the predictions of equation 1 have been filtered by a membrane time constant of m Ϸ 0.75 ms. Such filtering can be performed either analytically 15 or numerically. Figure 4C illustrates ERG a-wave responses from the eye of an anesthetized mouse, 13 for flash intensities ranging from approximately 50 to 200,000 isomerizations, whereas Figure  4D illustrates ERG a-wave responses from a human eye, 14 for flashes from approximately 300 to 550,000 isomerizations. For these two panels, the values of amplification constant used were A ϭ 5.0 s Ϫ2 (mouse rods) and A ϭ 4.3 s Ϫ2 (human rods). The conclusion of this analysis is that the family of waveforms predicted by equation 1 provides an accurate description of the time course of the onset phase of rod responses to light, over a wide range of flash intensities. Thus, the kinetics predicted by analysis of the biochemical cascade of reactions in Figure 2 are completely consistent with electrical responses measured in experiments. The quality of the fit in Figures 4C and 4D provides further evidence that the scotopic ERG a-wave does indeed arise from suppression of the rod photoreceptor circulating current.
Amplification Constant: Comparison of Amphibian and Mammalian Rods
From the parameters used for the red traces in Figure 4 , it is clear that the amplification constant of mammalian rods is much higher than that of amphibian rods. Across different laboratories and different cells, the mean value of amplification constant for the large rod outer segments of amphibia recorded at room temperature is around A ϭ 0.1 s Ϫ2 , whereas for the small rod outer segments of mammals recorded at body temperature, the mean is around A ϭ 8 s Ϫ2 , a factor of around 80-fold higher (see, for example, Refs. 2,9,20 -22).
Response Speed. The role of the amplification constant in determining the speed of the response is illustrated in Figure 5 , which compares the averaged single-photon response from a toad rod (black trace) with that from wild-type mouse rods (blue trace). Such responses to single photons have the advantage that uncertainties in light calibrations and conversion factors are avoided. For a single photoisomerization (⌽ ϭ 1), equation 4 gives the scaling of the early parabolic rise as R(t) Ϸ 1 ⁄ 2A (t-t eff ), 2 as plotted by the red curves. For the illustrated responses, the values of amplification constant used were A ϭ 0.07 s Ϫ2 (toad rod) and A ϭ 4.5 s Ϫ2 (mouse WT rods). The significance for the response speed is readily appreciated: in this case, the 64-fold higher value of A for the mouse rod response permits it to achieve any specific level of fractional suppression of circulating current ͌64 ϭ eightfold faster.
What causes the amplification constant to be almost two orders of magnitude higher in mammalian rods than in amphibian rods?
Role of Temperature. The answer lies partly in the temperature dependence of the reactions. As indicated in equation 2, the overall amplification constant A is the product of the underlying gain steps, and estimates of these parameters are set out in Table 1 . The channel cooperativity n cG is unlikely to differ greatly between amphibian and mammalian rods. However, the rate of activation of E* subunits per R*, RE , is likely to be several times higher at body temperature (37°C) in mammalian rods than at room temperature (22°C) in amphibian rods, because the underlying reactions take place at the disc membrane and depend on its fluidity. Previously, we estimated that the temperature dependence alone could account for an approximately a threefold increase in A over this temperature range. 2 Recent evidence has suggested that the temperature effect could be even higher, 22 but has also shown subtle differences in temperature dependence between amphibian and mammalian rods that makes precise comparison difficult.
Role of Outer Segment Volume. A contribution much larger than that due to temperature is provided by differences in the PDE hydrolysis factor, ␤ sub , the parameter specifying the efficacy with which a single E* subunit is able to reduce the average cyclic GMP concentration over the entire outer segment cytoplasm. As shown by equation 3, ␤ sub is inversely proportional to the cytoplasmic volume V cyto of the rod outer segment, so that the overall amplification constant is also inversely proportional to V cyto . As illustrated in Figure 5 , mammalian rod outer segments are far smaller than their amphibian counterparts, with a volume ratio of ϳ25-fold. Recent experiments comparing the activation kinetics of rat and toad rod responses under identical conditions have confirmed these findings, with a 25-to 30-fold ratio of amplification constant. 22 The interpretation of the volume effect is straightforward: the hydrolytic rate constant, E* ␤ sub , of a given number of E* subunits is greater in the small mammalian rod than in the large amphibian rod, according to the ratio of the cytoplasmic volumes, so that the reduction in cyclic GMP concentration occurs correspondingly faster. Our analysis has also shown that this effect applies even at the level of the single photon response, 1 as illustrated in Figure 5 . The product of the gain factors yields the amplification constant. Table 1 demonstrates the important prediction of equation 2: that the gain factors arising in the individual steps multiply together to provide the overall amplification constant. In summary, our analysis of the G-protein cascade of phototransduction accounts for the gain as well as the onset-phase Parameter values for rods of amphibians and mammals (exemplified by toad and mouse), are given in round numbers. The values of RE and ␤ sub for toad are from Reference 9. The amplification constants are from References 2 and 21, see also Reference 22. These values correspond to a temperature factor of around 3.2-fold and a volume factor of around 25-fold between the rods of the two species.
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DARK ADAPTATION AND RHODOPSIN REGENERATION
After rhodopsin has been activated by light, it undergoes a series of inactivation reactions, passing through several intermediate forms (metarhodopsins and, after hydrolysis and release of the all-trans chromophore, opsin), before eventually being regenerated to the original state, rhodopsin, on binding of new 11-cis retinal. It has been known for many decades that "dark adaptation," the slow recovery of visual sensitivity after exposure to a strong light, is somehow associated with the regeneration of visual pigment (reviewed in Ref. 7 ), yet the details of the relationship and the underlying cellular and molecular basis for it have remained unclear and controversial. In the 1960s it was hypothesized that unregenerated rhodopsin (i.e., opsin) elevates visual threshold during dark adaptation according to a powerful antilogarithmic relation, 27, 28 but subsequent results and analyses have revealed serious quantitative difficulties with this hypothesis. 7, 29 Here, we draw together published experimental results on dark adaptation and rhodopsin regeneration in the human eye with studies of the anatomy and biochemistry of retinoid processing. We present a cellular model for the delivery of retinoid to opsin in the bleached rod outer segments that is able to account for the observed kinetics of rhodopsin regeneration and of dark adaptation in the normal human eye, and that can also account for the slowed recovery that is found in a variety of disease conditions.
Human Dark Adaptation
The time course of psychophysical dark adaptation in a normal human subject (ENP) is plotted in Figure 6 , from the data of Pugh. 30 The elevation of threshold (in log 10 units) for the detection of a visual stimulus is plotted against time in darkness, after exposures of nine different intensities, that were estimated to bleach from 0.5% to 98% of the rhodopsin. After a near-total bleach, recovery follows a classic biphasic form, with an early cone-mediated phase and a later rod-mediated phase. Initially, the threshold is elevated approximately 5 log 10 units (100,000-fold), but rapid recovery occurs over the first few minutes to a "cone plateau" approximately 3.7 log 10 units (5000-fold) above absolute threshold. After approximately 10 min (the "cone/rod break" time), the sensitivity of the rodmediated system is at last better than that of the cone system, and the threshold again begins declining with time. The S2 Component of Recovery. Remarkably, the recovery of scotopic (rod-mediated) threshold exhibits a region of common slope across all the bleach levels, as indicated by the parallel red lines in Figure 6 . This region is termed the "S2 component" of recovery 29 and is crucial to our analysis of the underlying mechanisms. The slope of the red lines is ⌿ S2 ϭ 0.24 log 10 unit min Ϫ1 , and from analysis of these and other results, it appears that this value is a universal characteristic of dark adaptation recovery in normal (young adult) human eyes. 31 In interpreting this behavior, two facts should be borne in mind. First, a straight line in semilogarithmic coordinates corresponds to an exponential decay in linear coordinates, with the slope of 0.24 log 10 unit min Ϫ1 corresponding to a time constant of S2 ϭ 1.8 min (ϭ log 10 (e)/0.24). Second, it has been reported ever since the 1930s that the after-effects of bleaching resemble, to a certain extent, the effects of real light. 32 By combining these ideas with analysis of Pugh's data, 30 Lamb suggested 29 that the S2 region represents the exponential decay of a threshold-elevating substance produced by the bleach. Specifically, he proposed (1) that some chemical prod- , K m ϭ 0.17, and B ϭ 1 (i.e., for full bleaching). For (E) and (छ), we estimate that the bleach levels were 87% and 89%, and so the measurements have been shifted leftward by 1.4 and 1.2 min, respectively (0.13/0.094 and 0.11/0.094), in order that they align with the predicted curve for a total bleach.
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uct was produced in direct proportion to the bleach, (2) that this substance generated a phenomenon equivalent to light, and (3) that the substance was removed by a reaction that was first-order for small bleaches. On this basis, the declining level of product would cause the "equivalent background intensity" to decline exponentially, in turn allowing the log 10 visual threshold to decline as a straight line. Hypothesis: Opsin Is the Substance Underlying S2. What might be the identity of this threshold-elevating substance underlying component S2 of human dark adaptation? In 1997, we proposed this substance to be the opsin produced by bleaching (Lamb et al. IOVS 1997; 38 :ARVO Abstract 5263) and Reference 33. This proposal followed naturally from several in vitro studies that had shown first that opsin weakly activates the transduction cascade 34, 35 and second that recombination with 11-cis retinal eliminates opsin's activity. 36, 37 But before 1997, it had not been hypothesized that opsin was the bleaching byproduct that underlies S2, nor had any kinetic evidence or analysis been presented that supported this identification. Indeed, the generally accepted view that rhodopsin's regeneration in the human eye followed exponential kinetics was strongly inconsistent with this hypothesis.
To examine the hypothesis, it was first necessary to reevaluate historical evidence concerning the time course of rhodopsin's regeneration and then to compare the kinetics of regeneration with the postbleach recovery of other features, such as the rod's circulating current (measured from the awave) and the threshold of the overall visual system (measured psychophysically). We begin with the kinetics of regeneration of rhodopsin.
Regeneration of Rhodopsin in the Living Human Eye
The technique of fundus reflection densitometry was developed in the 1950s as a means of measuring the levels of visual pigment in the living eye. 38, 39 A detailed analysis of the light paths likely to be involved in reflection densitometry measurements has been presented more recently. 40 Measurements of the recovery of rhodopsin density after extensive bleaching are plotted as open symbols in Figure 7 , using data from three studies in the literature. [41] [42] [43] [44] For one of these studies (open squares) the bleach was total, but for the other two we estimate that the bleaching level was around 87% and 89%. To compensate, those points (open circles, open diamonds) were shifted leftward by small amounts (13% or 11% divided by the normalized regeneration rate). In addition, the filled symbols in Figure 7 plot estimates of rhodopsin regeneration obtained from the psychophysical dark adaptation experiment in Figure 6 (filled circles) and from ERG a-wave recoveries after bleaching (filled diamonds) (see legend to Figure 6 ).
Regeneration Follows Rate-Limited Kinetics. The form of recovery is not exponential, and instead the points can be quite well described by a straight line, up until approximately 70% recovery. Behavior of this kind has been well-documented in a variety of other mammalian species, 39,46,47 but before our recent analyses, 7,48 it had not been thought to occur in the normal human eye. The smooth curve in Figure 7 plots the prediction of a "rate-limited" model of rhodopsin regeneration 7, 48 that provides a reasonable description of the data. The foundations for this model will be described once we have considered the anatomical and biochemical basis of retinoid processing in the human eye.
Before leaving the topic of pigment regeneration, we point out that in the late stages of recovery, when the levels of metarhodopsin product can be ignored, the quantity of opsin remaining is given by the complement of the rhodopsin regeneration curve: Ops(t) ϭ 1 Ϫ Rh(t) in the normalized units of Figure 7 . Thus, the final exponential tail of rhodopsin regeneration corresponds to an exponential decline in the remaining level of opsin in the outer segment.
Anatomy and Biochemistry of Retinoid Processing in the Eye
The synthesis of fresh 11-cis retinal for delivery to opsin in the rods occurs in the retinal pigment epithelium (RPE) that lies just distal to the outer segments (Fig. 1) . The RPE forms part of the blood-brain barrier, shielding the retina from the choroidal circulation, and it performs many other important functions, 49 including active transport of metabolites, phagocytosis of the aged tips of photoreceptor outer segments, and absorption of light that manages to pass beyond the photoreceptors, in addition to synthesis of 11-cis retinal. In the periphery of the human retina, each RPE cell contacts a single cone photoreceptor and around 20 to 30 rod photoreceptors. Microvilli extend from the apical surfaces of the RPE cells and interdigitate with photoreceptor outer segments.
Breaking the Cycle. Figure 8 sets out the biochemical reactions involved in retinoid processing and is an attempt to indicate schematically the cellular location of events. In previous work, these reactions have usually been treated as a cycle, but in understanding postbleach recovery, we find it important instead to "break the cycle," by separating (1) those reactions involved in the synthesis and delivery of 11-cis retinoid to the outer segment (solid arrows) from (2) those reactions involved in the removal, processing, and storage of all-trans retinoid after light absorption. Our main reason for emphasizing this distinction stems from our interpretation (discussed later) that, in the normal human eye, the regeneration of rhodopsin after a flash bleach of any magnitude does not require the recycling of retinoid released by the bleach. Thus, it appears that there is a sufficient store of all-trans retinyl ester in the human eye to effectively isolate the synthesis and delivery of 11-cis retinal from the removal and processing of all-trans retinal, at least for a single bleach of up to 100%.
Synthesis and Delivery of 11-cis Retinoid. The human RPE/choroid contains a large stored quantity of all-trans retinyl ester, amounting, in moles, to approximately 2.5 times the quantity of retinoid bound in rhodopsin. 50 Delivery of stored ester appears to be mediated by sRPE65, the unpalmitoylated, soluble form of the RPE65 protein, which carries it to the smooth endoplasmic reticulum (SER), where an isomerohydrolase enzyme converts the all-trans ester to the 11-cis alcohol (denoted cis ROL in Fig. 8 ). Isolation of this enzyme was elusive for many years, but recent evidence has identified it as the palmitoylated, membrane-bound protein mRPE65, possibly in association with other protein(s). [51] [52] [53] The product of this reaction, the 11-cis alcohol, is oxidized by a stereospecific enzyme, 11-cis retinol dehydrogenase (RDH5), to the 11-cis aldehyde (denoted cis RAL). From there, the hydrophobic retinoid is chaperoned to the RPE plasma membrane by cellular retinaldehyde binding protein (CRALBP), and through the interphotoreceptor matrix (IPM) by inter-photoreceptor binding protein (IRBP), eventually finding its way to opsin, with which it recombines to regenerate rhodopsin.
Cellular Model of Recovery Kinetics
To predict the kinetics of rhodopsin regeneration, it is helpful to redraw the reactions for synthesis and delivery of 11-cis retinoid in a linear arrangement and to show a corresponding hydraulic model, as presented in Figure 9 The Proctor Lecture 5145 draulic analogy, the height of each fluid column represents the concentration of the relevant substance (in appropriate units).
In the resting dark steady state, when no retinoid is being delivered to opsin (and on the assumption that there is no loss from the system), then there are no fluxes of retinoid, and hence all the retinoid species are in equilibrium with each other. In terms of the hydraulic analogy, the plug (purple) would be inserted, and the heights of all the fluid columns would be equal (horizontal red lines). But after bleaching, when opsin is formed and is able to bind 11-cis retinal, there is a flow of retinoid and the concentrations are perturbed from the previous equilibrium levels. In the hydraulic model, the plug is removed, and so that fluid flows (blue arrow) as a consequence of pressure differentials between the compartments. The analysis below is aimed at determining the rate of retinoid flow, as a function of the amount of opsin present.
Resistive Barrier to Diffusion. One scenario that could limit the delivery of 11-cis RAL to opsin is indicated schematically in Figure 9 by the narrowed pipe labeled "Resistance", between the RPE and the rod outer segment. In the presence of a large quantity of opsin (i.e., after extensive bleaching), the concentration of 11-cis retinal in the outer segment drops to a low level, because opsin acts as a sink for this retinoid. If there were a resistance to the delivery of 11-cis retinal from the RPE, then the flow of retinoid would be proportional to the difference in concentration across the barrier, with the flux given by (C Ϫ c)/R, where C and c denote the concentrations of 11-cis FIGURE 8. "Breaking the cycle" of biochemical reactions involved in retinoid processing. We have separated the synthesis and delivery of 11-cis retinoid from the removal, processing, and storage of all-trans retinoid by the use of solid and dashed arrows, respectively. OS, outer segment; IPM, interphotoreceptor matrix; RPE, retinal pigment epithelium; SER, smooth endoplasmic reticulum; RAL, retinaldehyde; ROL, retinol. For the chemical icons: AL, OL, and E denote the aldehyde, alcohol, and ester groups attached to the retinoid hydrocarbon chain. Enzymes (red): RDH, all-trans retinol dehydrogenase; LRAT, lecithin retinyl acyl transferase; RDH5, 11-cis retinol dehydrogenase. Chaperone proteins (blue): IRBP, interphotoreceptor retinoid binding protein; CRBP, cellular retinol binding protein; RPE65, retinal pigment epithelium 65 kDa protein (which has recently been identified as the isomerase [51] [52] [53] ); CRALBP, cellular retinaldehyde binding protein.
FIGURE 9.
Hydraulic analogy of rate limitation in retinoid delivery. The height of each fluid column represents the "concentration" of the retinoid species indicated directly below, in the relevant compartment (RPE or outer segment), and the cogs signify enzymatic conversion steps. In the fully dark-adapted state, when no opsin is present, there is no flux of retinoid out of the system (i.e., the exit pipe is plugged), and the heights of all the fluid columns will be equal. (This finding implies that the heights have been scaled according to the equilibrium constants of the reactions interconverting the substances.) When opsin is produced after bleaching, the local concentration c of 11-cis retinal in the outer segment drops, and retinoid (fluid) flows as a result of the pressure difference, C Ϫ c. In the case illustrated, the factor limiting the flow is assumed to be the resistance R to delivery of 11-cis retinal to opsin in the outer segments. But, as explained in the text, it is alternatively possible for the limitation to occur at either of the two preceding enzymatic steps: that is, in the hydraulic analogy, if one of the first two horizontal pipes was very narrow. Each of these scenarios generates closely similar rate-limited kinetics of retinoid delivery.
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IOVS, December 2006, Vol. 47, No. 12 retinal in the RPE and in the vicinity of opsin, respectively, and where R is the resistance to flow. This scenario has been analyzed mathematically 7, 48 and has been shown to yield "rate-limited" kinetics of rhodopsin regeneration (discussed later). Thus, the distinct early and late phases of regeneration after a full bleaching (as shown in Figs. 7 and 10) are readily explained on this model. At early times, the high level of opsin causes c to drop to a very low value; but as c cannot drop below zero (c Ն 0), there is a limiting rate of delivery (given by C/R), corresponding to the initial nearly constant slope in Figures 7 and 10A . Then at a time late in recovery, when regeneration is almost complete and the level of opsin is very small, there is very little retinoid flux and hence very little drop in concentration, so that c Ϸ C. As a result of this nearly fixed concentration, the decay of opsin concentration obeys first-order kinetics, and final recovery follows an exponential time course.
A rate-limited model can account for both the kinetics of rhodopsin regeneration and the kinetics of recovery of scotopic visual threshold, as illustrated in Figure 10 . Figure 10A plots the decay of opsin, obtained by inverting the data for rhodopsin from Figure 7 (on the simplifying assumption that the levels of metarhodopsin intermediates can be ignored). The predicted opsin level for a full bleach is plotted by the red curve, and begins declining approximately linearly with time. The final stage of recovery (opsin level below 20%) is approximately exponential and transforms to a straight line in the semilogarithmic coordinates of the lower panel.
Mathematical Analysis of the Resistive Barrier. In mathematical terms, the time course of "removal" of opsin in the resistive barrier model can be expressed as
where Ops(t) denotes the proportion of opsin remaining unregenerated at time t. The parameters in this equation are: B, the fractional bleach; , the initial rate of regeneration after a total bleach; and K m , the semisaturation constant (comparable to a K m ). The function W(x) is called the Lambert W function. 54 For a complete explanation of this equation, see References 7 and 48.
At times late in recovery, equation 5 predicts that the opsin concentration should decline exponentially, with a time constant of K m /(1ϩK m ). Accordingly, it predicts that the slope of the S2 region of psychophysical recovery should be given by
where n W is the exponent of the Weber-Law relation between threshold elevation and background intensity (typically close to unity for large-area scotopic stimuli). Substituting ϭ 0.094 min Ϫ1 , K m ϭ 0.17, and n W ϭ 0.9, equation 6 predicts that the S2 slope for a normal subject should be 0.25 log 10 min Ϫ1 , close to the slope observed experimentally. Thus, the model accounts for the experimental measurements quantitatively.
Enzymatic Limit to Retinoid Delivery. An alternative scenario that could limit the rate of rhodopsin regeneration involves the enzymatic processes underlying the synthesis of 11-cis retinal. In terms of the hydraulic analogy in Figure 9 , this can be represented by the narrow pipe being placed at (for example) the location of the 11-cis RDH (RDH5), in which case the dominant drop in heights of the fluid columns would occur from 11-cis retinol (cis ROL) to 11-cis retinal (cis RAL). Alternatively, the limit could occur at the isomerase. Mathematical analysis of Michaelis-Menten enzyme kinetics (Appendix) shows that in such cases fundamentally the same kind of rate-limiting behavior of retinoid delivery is obtained as for the resistive barrier considered previously. Hence, it is possible for an enzymatic limit to explain the observed kinetics.
However, in the normal human eye, we think it unlikely that the limiting step is an enzymatic one, though we cannot entirely rule out this possibility. The kind of evidence that would be needed to support an enzymatic limit would be a finding of substantially slowed postbleach recovery in human subjects carrying a single normal allele of RDH5 or of RPE65. Thus, one would expect that if either the 11-cis retinol dehydrogenase or the isomerase were rate-limiting for regeneration in normal subjects, then halving that enzyme's expression level would halve the initial rate () of regeneration. In the case of the RPE65, it has been reported that three heterozygote individuals displayed normal dark adaptation, 55 whereas in the case of RDH5 we are not aware of dark adaptation measurements on heterozygotes. For both these enzyme, it would be very illuminating to investigate further the kinetics of dark adaptation in individuals carrying a single functional copy of the gene. , and correspond to the final tail of decline in the respective opsin levels. Dotted horizontal line corresponds to that in (A); thus, when 0.2 of the opsin remained to be "removed", the observer's threshold was elevated by ϳ3.5 log units.
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Interpretations. In summary, our interpretations of postbleaching recovery kinetics are as follows. First, we think that in the normal human eye, the rate-limited regeneration of rhodopsin and the S2 phase of dark adaptation have a common origin in the existence of a resistive barrier between a source of 11-cis retinal (in the RPE) and the opsin molecules in the outer segments. We are not sure what constitutes this barrier, but we suggest that it may occur substantially within the outer segment (e.g., from the plasma membrane to the disc membrane). Second, we think that in certain disease states, the rate of regeneration could drop to a substantially lower level as a result of reduced enzyme activity, while still being described by a broadly similar rate-limited initial slope and final S2 component. An example of such an enzymatic limit occurs in fundus albipunctatus, as we now describe.
Diseases Exhibiting Slowed Dark Adaptation
Fundus Albipunctatus (11-cis Retinol Dehydrogenase, RDH5). Measurements of rhodopsin regeneration and dark adaptation are illustrated in Figure 11 , from two studies in the literature separated by more than 25 years. 56, 57 Figure 11A shows that regeneration is again rate limited in this disease, though at a speed of approximately one ninth of normal, whereas Fig. 11B shows that dark adaptation again exhibits an S2 region, though with a slope approximately one sixth of normal (in a different patient). Of importance, the final rhodopsin levels and the final visual thresholds are entirely normal, indicating that the retina is otherwise functioning normally.
The lowered rate of rhodopsin regeneration presumably reflects the lowered rate of alcohol oxidation that can be provided by nonspecific dehydrogenases, which are presumed to generate 11-cis retinal from 11-cis retinol in the absence of the normal dehydrogenase enzyme (RDH5). We interpret the lowered S2 slope to indicate a lowered steady state concentration C of 11-cis retinal in the RPE. 7 To account for this lowered steady state concentration, we propose that there must be some kind of "leakage" pathway, so that, even in the absence of opsin, the 11-cis retinoid is being used up; hence, with lowered synthesis there would be a lowered concentration of 11-cis retinal. Systemic Vitamin A Deficiency. Another disease that is readily understood in terms of the hydraulic analogy is systemic vitamin A deficiency (VAD). A deficiency in retinoid levels would be expected to lower the stored amount of alltrans retinyl ester, and hence, in terms of Figure 9 , to lower the height of fluid in the lefthand reservoir; in this case the predicted flow rate would simply be scaled down from normal due to the lowered pressure.
Dark adaptation measurements from a VAD patient are illustrated in Figure 12 58 , both on presentation (Fig. 12A ) and after 10 weeks of vitamin A supplementation (Fig. 12B) . As for the patient with fundus albipunctatus in Figure 11B , the final thresholds were entirely normal. Furthermore, the kinetics of recovery returned substantially toward normal within 24 hours of vitamin A supplementation 58 (not shown). These two observations strongly support the notion that no pathology was present apart from retinoid deficiency.
In the deficient state, recovery after each bleach exhibited an approximately straight-line region (red lines), which we interpret as component S2; the magnitude of this slope was considerably reduced from that in Figure 6 , being no more than 40% of normal. For the 6% bleach, the S2 slope was 0.054 log 10 min Ϫ1 , less than one fourth of normal, and we suggest that this value provides a measure of the relative concentration of 11-cis retinal in the RPE of this patient under fully dark-adapted conditions. For the two larger bleaches (15% and 99%), the slope of the S2 component was somewhat higher, and we attribute this to transient refilling of the ester pool as a result of recycling of released all-trans retinoid. This is the only example, of which we are aware, of an observable effect of retinoid recycling on human dark adaptation after a single bleach.
A noteworthy feature at early times after small bleaches is the occurrence of a plateau region (blue lines), during which it has clearly been established that detection is mediated by the rods rather than the cones. 58 Similar plateau behavior may be seen for the fundus albipunctatus patient after the smaller bleaches in Figure 11B . We attribute these rod plateaux to transient exhaustion the retinyl ester store.
Finally, we note that in this VAD patient the S2 slope returned to the normal value of 0.24 log 10 min Ϫ1 after 10 weeks of supplementation with vitamin A (Fig. 12B) .
Age-Related Maculopathy. Dark adaptation is slowed in age-related maculopathy (ARM). 59 -61 Measurements from three elderly patients with early ARM are presented in Figure  13 and are compared with measurements from a healthy subject of similar age. 61 It is clear that recovery occurs more slowly in these patients, and it is notable that the slope of the S2 region (red lines) is substantially lower than that in the healthy subject (blue line).
In the 20 patients with early ARM (mean age, 75 years) examined in that study, the S2 slope had a mean of 0.15 log 10 min Ϫ1 , compared with a mean of 0.23 log 10 min Ϫ1 for 16 subjects of similar age (mean, 72 years) with fundi of normal appearance. 61 Thus the S2 slope was approximately two thirds of normal in patients with early ARM. In addition, in those patients, the time to the cone-rod break was substantially delayed.
Characteristic changes in ARM include a thickening of Bruch's membrane and the deposition of neutral lipids, so that the region becomes hydrophobic (e.g., see Refs. [62] [63] [64] [65] . Hence, the likely explanation for the slowing of dark adaptation in ARM is that the transport of vitamin A from the choroidal circulation is hindered by these changes, 61, 66 so that the RPE/retina becomes vitamin A deficient-a situation that we refer to as ocular VAD. It has been proposed that the reduced level of vitamin A is causal for the subsequent retinal degeneration in AMD. 66 This seems unlikely to us, and we think it much more likely that degeneration results from other consequences of the "clogging-up" of Bruch's membrane. A wealth of recent genetic and histopathological information has pointed to an aberrant inflammatory response in the neighborhood of Bruch's membrane as a major causal factor in the development of advanced ARM (reviewed in Ref. 67 ). The transport of many metabolites into, and waste products out of, the RPE/retina is very likely to be disrupted in ARM, and it could be that the levels of a combination of these substances are crucial to photoreceptor survival. The Age-Related Eye Disease Study 68 reported that supplementation with a high dose of antioxidants (500 mg vitamin C and 400 IU vitamin E) in conjunction with 15 mg ␤-carotene led to a reduction of approximately 20% in the probability of progression to advanced forms of AMD (an odds ratio of 0.8) over a 6-year study period. Of importance, no statistically significant serious adverse effects were reported. Nevertheless, we suggest that further study may be warranted, given that retinoids form a component of the lipid deposits in Bruch's membrane.
Measurement of the slowing of dark adaptation is likely to provide a valuable and noninvasive bioassay, both as a diagnostic tool for predicting the likelihood of onset of macular degeneration and as a means of assessing the efficacy of treatments of the disease.
Other Diseases Affecting Dark Adaptation. Several other diseases affect dark adaptation, and we very briefly consider them now (for further details, see Refs. 7,69 -71).
Oguchi Disease. Oguchi disease is caused by a mutation in one or other of two proteins involved in shut-off of the phototransduction cascade: rhodopsin kinase or arrestin. Hence, this disease does not involve retinoid chemistry, and accordingly its features are very different from those of most other diseases exhibiting slowed dark adaptation. In particular, the kinetics of regeneration of rhodopsin appear essentially normal, despite drastically slowed psychophysical dark adaptation. The slowed dark adaptation appears to be explicable in terms of the presence of nonquenched R* (activated rhodopsin), rather than of opsin. 7, 72 Sorsby Fundus Dystrophy. Sorsby fundus dystrophy is caused by a mutation in TIMP3, a metalloproteinase of the matrix in Bruch's membrane. All the features of this disease are consistent with the slowing of dark adaptation being caused by ocular VAD. 58, 73 RPE65. RPE65, acting alone or perhaps in concert with one or more additional proteins, is thought to be the isomerase, the enzyme that converts all-trans retinyl ester into 11-cis retinol (Fig. 8) . Mutations in RPE65 give rise to autosomal recessive, severe retinal dystrophy, with childhood onset (reviewed in Ref. 70 ). Although heterozygotes with one normal allele exhibit mild ophthalmoscopic abnormalities, they have been reported to dark adapt normally, 55 implying that RPE65 is not rate-limiting in dark adaptation in the normal human eye.
Bothnia Dystrophy. Several rare diseases, of which Bothnia dystrophy is an example, involve mutations in CRALBP, the chaperone protein for 11-cis retinal (and possibly for 11-cis retinol). In these patients, loss of CRALBP leads to enormously slowed dark adaptation, 74 in which the S2 slope is reduced by ϳ20-fold. Correspondingly, in knockout mice (Rlbp1 Ϫ/Ϫ ), the loss of CRALBP leads to at least a 10-fold slowing of both rhodopsin regeneration and recovery of rod circulating cur-
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Stargardt Macular Dystrophy. Stargardt macular dystrophy is caused by a mutation in the ABCR protein that is thought to extrude the condensation product of 11-cis retinal bound to lipid from the interior of the disc membrane. 76, 77 The devastating symptoms of the disease are thought to be caused by the presence of lipofuscin, and in particular its major component A2E, a retinoid byproduct. 78 Measurements of dark adaptation 79, 80 show that the slope of the S2 phase of dark adaptation is unaltered. This indicates that, irrespective of whether some appreciable fraction of bleach-released all-trans retinal exits via the disc interior and extrusion by the ABCR transporter, the time course of dark adaptation is not critically dependent on such fluxes.
SUMMARY Phototransduction
The activation steps of the phototransduction cascade are understood in considerable detail at a molecular level. We developed a mathematical model of these steps that provides an accurate description of the onset phase of the light response, as measured from individual rods or from the scotopic ERG and that allows measurement of a fundamental parameter of the cascade: its amplification. The overall amplification of the electrical response is explicable as the product of gain factors arising in the underlying physical and biochemical steps, and it is straightforward to account for the differences in amplification between amphibian and mammalian rods.
Dark Adaptation
Our results and analysis support the hypothesis that during postbleach dark adaptation recovery, the elevated visual threshold in the "S2" phase is caused by the presence of opsin, which weakly activates the transduction cascade. The slowness of recovery results from rate-limited delivery of 11-cis retinal to recombine with opsin. The cause of the rate limitation can be either a resistive barrier to delivery (which we think applies to recovery in the normal human eye), or else an enzymatic limitation in the processing of 11-cis retinoid (which applies in some diseases). Measurement of the S2 slope in human subjects may provide an important bioassay for certain diseases, notably in the case of age-related maculopathy.
APPENDIX Derivation of Rate-Limited Kinetics for Enzymatic Production of Retinoid
In this section, we derive equations showing that a MichaelisMenten enzyme reaction for production of 11-cis retinoid can generate rate-limited kinetics of rhodopsin regeneration, very similar to the kinetics generated by the resistive barrier model considered previously. 7, 48 Consider the conversion of a substrate S into a product P, by an enzyme E, with the substrate and product binding to the enzyme to form an enzyme-intermediate complex, E⅐I, according to the reversible reaction scheme
If the concentration of the product P is varied, in the face of a constant concentration of substrate S, then the following occurs. At low concentrations of P, the reaction proceeds in the forward direction; at an equilibrium concentration of P, the net reaction rate is zero; and at even higher concentrations of P, the reaction proceeds in the reverse direction. The following analysis represents a case of the more general King-Altman method (e.g., see Ref. 81) .
The rate r of the forward reaction (conversion of substrate into product) can be written as
where S and P denote the concentrations of the species S and P, and where E and I denote the concentrations of free enzyme E and of enzyme bound to intermediate, E⅐I, respectively. Conservation requires the total quantity of enzyme to be constant, at E tot ϭ E ϩ I.
The concentration E of free enzyme can be obtained by solving the two simultaneous equations in A2, along with the conservation relation, to yield
where K S and K P are the Michaelis constants for S and P, given by K S ϭ (k IS ϩ k IP )/k SI and K P ϭ (k IS ϩ k IP )/k PI . Substituting equation A3 into A2, the rate of reaction can be written as
where the sign of the term in parentheses determines whether the reaction proceeds in the forward or reverse direction. We now specify that the concentration of substrate is held constant at S ϭ S 0 , and we denote the corresponding equilibrium concentration of the product as P 0 ; this is the concentration of product that elicits zero net flux for the reaction. By setting r ϭ 0 in equation A4, the equilibrium concentration P 0 is seen to satisfy
where K is defined as the equilibrium constant for the conversion of S into P. Substituting equation A5 into A4, and setting S ϭ S 0 , we obtain the forward reaction rate r as
Here, the term (1 Ϫ P/P 0 ) provides the required reversibility behavior. Thus, the reaction is in equilibrium when P ϭ P 0 , and proceeds in the forward direction when P Ͻ P 0 , and in the reverse direction when P Ͼ P 0 . Furthermore, substitution of P ϭ 0 yields the maximum forward rate as r max ϭ k IP {E tot S 0 / (S 0 ϩ K S )}. This result is as expected, because the term in braces specifies the amount of S bound to enzyme (as species E⅐I) in the absence of P.
Implications for the Rate of Rhodopsin Regeneration
Previously, 7, 48 we have considered the case in which the enzymatic reactions cause no limit (i.e., where the concentration C of 11-cis retinal in the RPE is constant) and where the limitation is caused solely by a resistive barrier to diffusion. Now we consider the converse case, when there is no resistive barrier (so c ϭ C), and instead an enzymatic reaction is limiting. First, we consider the case in which the enzyme E represents the 11-cis RDH (RDH5) (i.e., when the product P is 11-cis retinal). Because we have now eliminated any barrier between the RPE and opsin, P represents the concentration c of 11-cis retinal in the vicinity of opsin. As set out in Section 4.2.1 of Reference 7, the rate of binding of 11-cis retinal to opsin is proportional to the product of c and the amount of opsin remaining available. Hence, the situation is closely similar to that for the resistive barrier model. After a very large bleach, the concentration of 11-cis retinal will drop to a low level, P30, and the enzymatic reaction will operate at a rate approaching its maximum forward rate. But when regeneration is almost complete, and there is little flux, then the concentration of 11-cis retinal will approach a constant level, P3P 0 , and the final decay of opsin will again follow an exponential time course.
The rate of binding of 11-cis retinal to opsin is described by the bimolecular combination dOps͑t͒/dt ϭ Ϫk P͑t͒ Ops͑t͒,
exactly as in the case of equation 1 in Reference 7. We have been unable to obtain an analytical solution comparable to that in equation 5, but numerical simulations show that the form of the predicted recovery is closely similar to the rate-limited shape plotted in Figure 10 , for reasonable values of the parameters in equation A6.
In the second case, where the enzyme E represents the isomerase, the analysis is more complicated. But we think that the solution is likely to exhibit a similar rate-limited shape.
